The X-linked disorder oculocerebrorenal syndrome of Lowe is caused by mutation of the OCRL1 protein, an inositol polyphosphate 5-phosphatase. OCRL1 is localised to the Golgi apparatus and early endosomes, and can translocate to lamellipodia upon growth factor stimulation. We show here that OCRL1 interacts with several members of the rab family of small GTPases. Strongest interaction is seen with Golgi-associated rab1 and rab6 and endosomal rab5. Point mutants defective in rab binding fail to target to the Golgi apparatus and endosomes, strongly suggesting rab interaction is required for targeting of OCRL1 to these compartments. Membrane recruitment via rab binding is required for changes in Golgi and endosomal dynamics induced by overexpression of catalytically inactive OCRL1. In vitro experiments demonstrate that rab5 and rab6 directly stimulate the 5-phosphatase activity of OCRL1. We conclude that rabs play a dual role in regulation of OCRL1, firstly targeting it to the Golgi apparatus and endosomes, and secondly, directly stimulating the 5-phosphatase activity of OCRL1 after membrane recruitment.
Introduction
Phosphoinositides (PIs) are essential phospholipids that regulate a number of processes including intracellular signalling, cytoskeletal dynamics, and membrane traffic (Cantley, 2002; Yin and Janmey, 2003; De Matteis and Godi, 2004; Roth, 2004) . A major function of PIs is the membrane recruitment or activation of effector proteins that bind via specific modular binding domains (Cullen et al, 2001; Balla, 2005) . As different PIs recruit and/or activate different sets of effector proteins, they represent key determinants in defining the functional identity of a membrane compartment. Consistent with this view, different PIs appear to be enriched in different compartments. For example, PtdIns(4,5)P 2 is abundant at the plasma membrane where it recruits a number of proteins including clathrin accessory proteins required for endocytosis (Cremona and De Camilli, 2001; Haucke, 2005) , whereas PtdIns(4)P appears to be more abundant at the Golgi apparatus and recruits different effector proteins that mediate trafficking to the cell surface and endosomes (De Matteis et al, 2002; De Matteis and Godi, 2004) . In order to maintain this spatial segregation of PIs, it is important that the kinases and phosphatases that modulate the levels of different PIs are correctly targeted within the cell. These enzymes should also be temporally regulated to ensure that individual PI species are produced at the correct time during a particular process.
Oculocerebrorenal syndrome of Lowe is an X-linked disorder characterised by mental retardation, congenital cataracts, and renal Fanconi syndrome (Lowe et al, 1952) . Lowe syndrome results from mutation of OCRL1, an inositol polyphosphate 5-phosphatase whose preferred substrate is PtdIns(4,5)P 2 , although it can also hydrolyse PtdIns(3,4,5)P 3 as well as soluble Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 (Attree et al, 1992; Lowe, 2005) . Skin fibroblasts and kidney proximal tubule cells derived from Lowe syndrome patients have elevated PtsIns(4,5)P 2 levels, consistent with a role for OCRL1 in regulating the cellular levels of this lipid (Zhang et al, 1998; Wenk et al, 2003) . OCRL1 is a peripheral membrane protein that is localised to the Golgi apparatus and early endosomes (Olivos-Glander et al, 1995; Dressman et al, 2000; Ungewickell et al, 2004; Choudhury et al, 2005) . OCRL1 can also be detected in lamellipodia or membrane ruffles when quiescent cells are stimulated with growth factors, suggesting that it translocates to these structures upon growth factor stimulation (Faucherre et al, 2005) . This may be mediated by rac1, which has been reported to interact with the C-terminal Rho GAP-like domain of OCRL1 (Faucherre et al, 2003) . OCRL1 binds directly to the terminal domain of clathrin heavy chain and the ear domain of the a-adaptin subunit of the endocytic AP2 clathrin adaptor complex (Ungewickell et al, 2004; Choudhury et al, 2005) , and is enriched in clathrin-coated vesicles (Ungewickell et al, 2004; Choudhury et al, 2005) . Overexpression or depletion of OCRL1 inhibits trafficking of proteins from early endosomes to the TGN, suggesting a role in clathrin-mediated trafficking between these compartments (Choudhury et al, 2005) . A role for OCRL1 in other trafficking steps is also possible, with endocytosis a likely candidate given the ability of OCRL1 to bind AP2, although this remains to be shown.
The mechanism by which OCRL1 undergoes targeting to Golgi and endosomal membranes is not known. It has been proposed that rac1 is responsible (Faucherre et al, 2003) , but this protein is more abundant at the plasma membrane than internal compartments. We, therefore, reasoned that another small GTPase may be involved in OCRL1 targeting, and decided to investigate rab proteins, as these have been found to recruit a variety of proteins onto membranes, and are intimately involved in membrane traffic (Zerial and McBride, 2001 ). There are more than 60 rabs in humans, each one with a restricted cellular location (Pereira-Leal and Seabra, 2001; Zerial and McBride, 2001 ). Rab5 is a key regulator of endocytosis and growth factor signalling (Zerial and McBride, 2001 ). Rab6, in contrast, is predominantly found at the trans-side of the Golgi apparatus and regulates trafficking from the early endosome to the TGN, and retrograde transport from the Golgi apparatus to the endoplasmic reticulum (Antony et al, 1992; White et al, 1999; Mallard et al, 2002) . Other Golgi-associated rabs include rab1, rab2, and rab8, which are enriched in the cis-, medial-, and transGolgi, respectively (Zerial and McBride, 2001) . Here, we show that OCRL1 binds to several rab proteins, with strongest binding to rab1, rab5, and rab6. Rab binding is required for targeting of OCRL1 to the Golgi apparatus and endosomes, and directly stimulates the 5-phosphatase activity of OCRL1. This suggests a dual mode of regulation by rab proteins to ensure OCRL1 activity is directed to the correct cellular membrane compartments.
Results

OCRL1 interacts directly with Golgi and endosomal rab proteins
To determine whether OCRL1 can interact with Golgi or endosomal rab proteins, we performed a directed yeast twohybrid experiment. Full-length OCRL1 was cotransformed into yeast cells with GTP-locked versions of rab proteins that have been localised to the Golgi apparatus or endosomes, and interaction was detected by growth on high selection medium. OCRL1 interacted with GTP-locked rab1A, rab5A, rab6A (herein referred to as rab1, rab5, and rab6, unless otherwise indicated), rab8, and rab14, but not other rabs that were tested ( Figure 1A ). Interaction was also detected with rab6A' and rab6B (data not shown). Interaction between OCRL1 and rabs was confirmed in pull-down experiments where GST-tagged, or in the case of rab8 NusA-tagged, versions of the rabs were incubated with HeLa cytosol ( Figure 1B) . Binding was strongest with GTP-locked rab6 and rab5, followed by rab1, then rab8, and rab14. Rab binding of OCRL1 was dependent upon the nucleotide status of the rab, with binding in the yeast two-hybrid assay only seen between OCRL1 and wild type (WT) or GTP-locked, but not GDP-locked rabs ( Figure 1C ). Similar results were seen in pull-down experiments in which WT rabs were preloaded with either GDP or the nonhydrolysable GTP analogue GMP-PNP before incubation with HeLa cell extracts. OCRL1 bound only to GMP-PNP-loaded rab1, rab5, rab6, and rab8, but not the GDP-loaded forms of these rabs ( Figure 1D ). Together, these results indicate that OCRL1 binds only to the active forms of the rab proteins. To determine whether OCRL1 binds directly to the rabs, purified recombinant OCRL1 was incubated with purified GST-tagged GTP-locked versions of the rab proteins and binding was detected by Coomassie blue staining and Western blotting. As shown in Figure 1E , purified OCRL1 bound strongly to GTP-locked rab1, rab5, and rab6, and to a lesser extent to rab14, indicating that OCRL1 binds directly to these rabs. Direct binding could also be monitored using a solid-phase binding assay in which OCRL1 was immobilised on plastic before incubation with increasing amounts of each rab protein. This indicated that OCRL1 preferentially binds directly to rab6, followed by rab1 and rab5, then rab14 and rab8 ( Figure 1F ). Solid-phase binding also confirmed that direct binding only occurs to GTP-locked rab1, rab5, and rab6, and not to the GDP-locked forms of these proteins (Supplementary Figure S1) .
Mapping of the rab-binding site in OCRL1
We next wanted to identify the region of OCRL1 responsible for rab binding. Truncated versions of OCRL1 were tested for binding to GTP-locked rab5 or rab6 in the yeast two-hybrid system. A construct comprising the N-terminus and 5-phosphatase domain of OCRL1 (amino acids 1-539) did not bind to either rab, whereas a construct containing the region of OCRL1 C-terminal to the 5-phosphatase domain (amino acids 540-893) exhibited strong binding to both rab5Q79L and rab6Q72L ( Figure 2A) . Deletion of the C-terminal Rho GAPlike domain (amino acids 727-886) had no effect on binding to either rab, suggesting that the rab-binding site lies within the linker region between the 5-phosphatase and Rho GAPlike domains of OCRL1 (amino acids 540-726). This was confirmed when this region was found to be sufficient for binding to both rab5Q79L and rab6Q72L. To further verify these findings, we performed binding experiments with fragments of OCRL1 generated by limited tryptic digestion of the recombinant protein. A B57 kDa tryptic fragment of OCRL1 bound strongly to rab6Q72L (Figure 2B, arrow) . N-terminal sequencing of this fragment indicated that it starts at amino acid 200 (data not shown). Western blotting revealed the fragment contains the CRAE peptide antibody epitope (residues 616-631), but not that of the KINS (residues 163-177) or 11 520 (residues 878-893) antibodies ( Figure 2B ). These data confirm the fragment contains the 5-phosphatase and part of the linker domain of OCRL, encompassing residues 200 to at least 631. However, the fragment likely extends to around residue 700, which would fit better with molecular mass predictions from the primary sequence. Thus, in biochemical experiments, this region of OCRL1 is sufficient for rab binding, consistent with the presence of the rab-binding site in the linker domain.
Rab interaction targets OCRL1 to the Golgi apparatus and endosomes
To assess whether rab binding was required for OCRL1 targeting, we first expressed GTP-locked rabs in cells and analysed OCRL1 localisation by immunofluorescence microscopy. Expression of myc-rab5Q79L resulted in enlarged early endosomal structures as has been reported previously (Stenmark et al, 1994) . OCRL1 was redistributed onto the limiting membrane of these structures, consistent with a role for rab5 in recruiting OCRL1 onto early endosomes (Figure 3 ). The extent of OCRL1 recruitment was similar to that seen with EEA1, which is known to undergo rab5-dependent recruitment to early endosomes (data not shown) (Simonsen et al, 1998) . Endosomal recruitment of OCRL1 could also be seen upon expression of GFP-tagged WT rab5 (Supplementary Figure S2) . Myc-rab6Q72L localised to the Golgi apparatus, which retained its normal perinuclear ribbon-like appearance, but no effect was seen upon the overall distribution of OCRL1 (Figure 3 ). This was also true for WT myc-rab6 and the GDP-locked T27N mutant (data not shown). However, we also failed to notice any effects of these constructs on Golgi recruitment of the golgin TATA modulatory factor (TMF), which is known to bind via rab6 to the Golgi apparatus (data not shown) (Fridmann-Sirkis et al, 2004) .
To further investigate the role of rab binding in OCRL1 targeting to the Golgi apparatus, we performed RNA interference to deplete cellular rab1 or rab6 and studied OCRL1 localisation by fluorescence microscopy. Although rab1A was efficiently depleted by our rab1 small interfering RNA (siRNA), there was no depletion of rab1B; in fact, rab1B levels were slightly elevated by this treatment ( Figure 4A ). Nevertheless, rab1A depletion was sufficient to cause Golgi fragmentation in the majority of cells ( Figure 4B ). OCRL1 was clearly present on these fragments, indicating that depletion of rab1A alone does not prevent Golgi targeting of OCRL1. Rab6 depletion was efficient, and specific for both expressed rab6 isoforms, rab6A and rab6A', which are recognised by our rab6 antibody ( Figure 4A ), but had no obvious effects on Golgi morphology or upon OCRL1 targeting to this organelle ( Figure 4B ). We next performed a double depletion of rab1A Figure 4A ), and resulted in Golgi fragmentation, as expected ( Figure 4B ). OCRL1 levels on these fragments were dramatically reduced compared to control cells or the single knockdowns, as observed in double ( Figure 4B ) and triple labelling ( Figure 4C ) experiments. These results suggest rab1A and rab6 are important for recruitment of OCRL1 to the Golgi apparatus.
An alternative approach was devised to further analyse the role of rabs in OCRL1 targeting. This was based upon using random mutagenesis to generate point mutants defective in rab binding, and then studying the targeting of these mutants in cells. A region encompassing the OCRL1 linker region, which contains the rab-binding site, was subjected to errorprone PCR and resulting full-length mutant clones assessed for binding to rab6Q72L in the yeast two-hybrid system. Clones were screened in parallel against clathrin heavy chain terminal domain (CTD), which also binds to the OCRL1 linker region (Choudhury et al, 2005) , to eliminate nonsense and frameshift mutations, and missense mutations that unfold the protein. Using this approach, we identified five clones that were unable to bind rab6Q72L but retained an interaction with clathrin. Sequencing revealed each clone contained two point mutations (data not shown). Selected corresponding single mutants were generated in GFP-OCRL1 and binding to rab proteins and targeting to the Golgi apparatus and endosomes were analysed (results are summarised in Table I ). As shown in Figure 5A , GFP-tagged WT OCRL1 bound to both clathrin and rab6Q72L, as expected. The D555E, S564P, and G664D mutants were able to bind clathrin to the same extent as WT OCRL1, but severely compromised in rab6 binding ( Figure 5A ). The P526H, S568G, and N606K mutants retained binding to both clathrin and rab6, with the P526H and N606K mutants binding more strongly than WT OCRL1. To determine whether the D555E, S564P, and G664D mutants were also deficient in binding to other rabs, binding experiments were performed with rab1Q70L and rab5Q79L alongside rab6Q72L. Each mutant was unable to bind rab1, and exhibited much-reduced binding to both rab5 and rab6, with the effects on rab5 interaction the least pronounced ( Figure 5B ). The S564P mutation had the strongest effect on binding to all rabs. The S568G mutant also bound more strongly than WT OCRL1 to rab1 and rab5 in addition to rab6 ( Figure 5B ). These results suggest the rabs share a common binding site, with subtle differences in the mode of binding between individual rabs.
As expected, WT GFP-OCRL1 was localised predominantly to the Golgi apparatus and cytoplasm ( Figure 5C and E). Mutants deficient in rab binding (S555E, S564P, and G664D) showed reduced targeting to the Golgi apparatus and accumulated in the cytoplasm. In contrast, mutants that retained rab binding (P526H, S568G, and N606K) were efficiently targeted to the Golgi apparatus. To assess whether rab binding is also required for targeting of OCRL1 to endosomes, as suggested by our rab5 overexpression experiments (Figure 3 and Supplementary Figure S2) , we studied the localisation of the OCRL1 point mutants in cells coexpressing the dominant rab5Q79L mutant. As expected, WT GFP-OCRL1 was efficiently targeted to the enlarged rab5-positive endosomes ( Figure 5D and E). In contrast, rab-binding-deficient mutants were poorly recruited to these structures, suggesting rab binding is also required for targeting of OCRL1 to endosomes. Similar results were seen in A431 cells in the absence of rab5 overexpression. WT GFP-OCRL1 was present on both Golgi and early endosomes in A431 cells, whereas the S564P and G664D mutants were predominantly cytosolic (Supplementary Figure S3 and data not shown).
Rab interaction is required for changes in Golgi and endosomal dynamics induced by overexpression of catalytically inactive OCRL1
We have previously reported that high-level expression of OCRL1 fragments the Golgi apparatus and causes a dramatic enlargement of endosomes concomitant with a block in endosome to Golgi transport (Choudhury et al, 2005) . These effects are more pronounced with a deletion construct lacking the 5-phosphatase domain (GFP-OCRL1 D237-539). To assess whether rab binding is required for these OCRL1-induced effects, the linker region point mutations described above were introduced into the OCRL1 construct lacking the 5-phosphatase domain, and effects upon Golgi and endosomal markers were analysed by immunofluorescence microscopy. As expected, the parental GFP-OCRL1 D237-539 construct induced Golgi fragmentation, and redistribution of the transferrin receptor to large cytoplasmic structures containing the OCRL1 mutant protein, corresponding to enlarged endosomes ( Figure 6A, B and D) . The cation-independent mannose 6-phosphate receptor (CI-MPR) was also redistributed from the Golgi region to the OCRL1-containing structures, consistent with a block in endosome to Golgi recycling ( Figure 6C and D). In contrast, high level expression of GFP-OCRL1 D237-539 containing the D555E, S564P, or G664D mutations failed to elicit any changes in Golgi enzyme, transferrin receptor, or CI-MPR distribution ( Figure 6A -D, and data not shown), indicating that Golgi and endosome dynamics are unaffected by these mutants.
Endosome to Golgi trafficking was directly analysed in the mutant-expressing cells using the shiga toxin B subunit (STxB), which is internalised from the cell surface before retrograde trafficking from early endosomes to the TGN, which occurs in a rab6-dependent manner (Mallard et al, 2002) . Expression of GFP-OCRL1 D237-539 inhibited STxB delivery to the TGN, as previously reported (Figure 7 ; Choudhury et al, 2005) . This was also true for the N606K mutant that can bind rabs and target to the membrane (Figure 7) . In contrast, STxB trafficking from endosomes to the Golgi was unaffected by the rab-binding-deficient S564P or G664D mutants. Together, these results indicate that interaction with rab proteins is required for OCRL1-induced 
Rab interaction stimulates the 5-phosphatase activity of OCRL1
We next wanted to assess whether rab binding affects the catalytic activity of OCRL1. For this purpose, we used an in vitro 5-phosphatase assay in which purified recombinant OCRL1 was incubated with PtdIns(4,5)P 2 -containing liposomes and conversion to PtdIns(4)P assessed by thin layer chromatography. Recombinant OCRL1 displayed significant 5-phosphatase activity towards PtdIns(4,5)P 2 in the absence of additional factors ( Figure 8A ). Addition of GST-rab5Q79L or GST-rab6Q72L stimulated OCRL1 5-phosphatase activity by 1.5-and 2-fold, respectively. In contrast, no effect was seen with GST-rac1Q61L, which has been reported to bind OCRL1 (Faucherre et al, 2003) . The stimulation by rab5 and rab6 was not due to contaminating phosphatase activities, as these protein preparations exhibited no 5-phosphatase when assayed alone. To confirm that the stimulation in OCRL1 activity was due to rab binding, the G664D mutant deficient in rab binding was analysed alongside the WT protein. As shown in Figure 8B , the mutant failed to show a significant stimulation of activity in the presence of rab6Q72L, in contrast to the WT protein which gave a B1.8-fold stimulation. We conclude from these experiments that rab5 and rab6 specifically stimulate the 5-phosphatase activity of OCRL1 in vitro.
Discussion
In this study, we have identified the lipid phosphatase OCRL1 as a binding partner for Golgi and endosomal rab proteins. OCRL1 was able to interact with several rabs, with strongest binding to endosomal rab5 and Golgi-associated rab1 and rab6. Rab binding was required for efficient targeting of OCRL1 to endosomes and the Golgi apparatus, and directly stimulated the PtdIns(4,5)P 2 5-phosphatase activity of OCRL1. Simultaneous depletion of both rab1 and rab6 by RNA interference resulted in reduced targeting of OCRL1 to the Golgi apparatus. This suggests that these rabs are required for OCRL1 recruitment to the Golgi apparatus, although it remains possible the effects of rab depletion are indirect. To further test the hypothesis, we generated OCRL1 point mutants that are defective in rab binding. This allowed us to assess the involvement of rab binding in targeting to both the Golgi apparatus and endosomes. We observed a tight correlation between rab binding and Golgi or endosomal targeting. Mutants defective in rab binding were predominantly cytosolic, whereas mutants that retained rab association were efficiently recruited to the Golgi apparatus and early endosomes. Importantly, mutants that were deficient in rab binding retained the ability to bind clathrin heavy chain, which also binds to the OCRL1 linker region (Choudhury et al, 2005) , suggesting this part of the protein is correctly folded. To further verify the folding of the point mutants, we performed limited proteolysis. Each mutant had a similar tryptic digestion pattern to WT OCRL1, consistent with these proteins having the same three-dimensional structure (Supplementary Figure S4) . The one exception was P526H, which had a slightly altered digestion pattern. Nevertheless, this protein was correctly targeted to the Golgi. The mutagenesis studies suggest different rabs can bind to the same site in OCRL1, albeit with subtle differences in binding between different rab proteins. It will be interesting to resolve the three-dimensional structure of this region to understand how this is brought about, and to determine the mechanism by which rab binding can influence the catalytic domain to stimulate 5-phosphatase activity.
Of the mutated residues characterised in our study, only P526 corresponds to naturally occurring Lowe syndrome mutations (P526T and P526L) (Roschinger et al, 2000) . Interestingly, the P526H mutant induced Golgi fragmentation and altered early endosome morphology when expressed at moderate levels in cells, suggesting that it is functionally defective ( Figure 5C and data not shown). These effects appear independent of rab binding, as this mutant bound well to rabs and was efficiently targeted to the Golgi and endosomes. They may rather be due to loss of 5-phosphatase activity given the proximity of the mutation to the catalytic site. None of the rab-binding mutants identified in this study have so far been described in Lowe syndrome patients. The vast majority of Lowe missense mutations are in the catalytic domain, but one has been identified in the linker region (L687P) and an in-frame deletion of E585 has also been reported (Monnier et al, 2000) . Whether these mutations affect rab binding remains to be shown.
There are many cases of effectors binding to more than a single rab protein, although it is unusual to find binding to quite as many rabs as seen with OCRL1. An obvious question that arises is why does OCRL1 bind to so many rabs? A potential explanation is that not all of the rabs represent physiological binding partners. This is difficult to exclude, but in each case binding appeared specific in that it only occurred to the active, GTP-bound form of the rab. An alternative explanation for multiple rab binding is that it allows targeting to multiple membrane domains. This may be expected for a protein with housekeeping duties, as has been proposed for OCRL1, where it would remove PtdIns(4,5)P 2 from internal compartments to spatially restrict this lipid to the plasma membrane (Lowe, 2005) . Alternatively, binding to multiple rabs may indicate a role for OCRL1 in several aspects of endosomal or Golgi function, or in regulating different trafficking pathways at these compartments. We have previously shown that OCRL1 can modulate protein trafficking from endosomes to the TGN (Choudhury et al, 2005) . Trafficking of STxB from early endosomes to the TGN is regulated by rab6 (Mallard et al, 2002) . Thus, OCRL1 may represent one of the rab6 effectors in this pathway. Our data suggest that rab binding is important for OCRL1 function here, as rab-binding-deficient versions of the OCRL1 5-phosphatase deletion mutant fail to exert dominant inhibitory effects on STxB trafficking. CI-MPR redistribution to endosomes in OCRL1-overexpressing cells was also lost in the rab-binding-deficient mutants, although whether this reflects a role for rab6 interaction or that of another rab is unclear. Interaction with rab5 also suggests a role for OCRL1 in other aspects of endosomal function, which would be consistent with the ability of the protein to bind the endocytic clathrin adaptor AP2 (Ungewickell et al, 2004) . Redistribution of the transferrin receptor by overexpression of the OCRL1 5-phosphatase deletion mutant was dependent on rab binding. Rab5 may be the relevant rab here, as it known to play a key role in endosomal receptor trafficking. Binding to rab1 and rab8, on the other hand, may indicate a role for OCRL1 in ER to Golgi or intra-Golgi trafficking, or in trafficking from the TGN to the plasma membrane (Zerial and McBride, 2001) . Finally, Rab14 has been implicated in trafficking between the TGN and endosomes (Junutula et al, 2004) , and a role for OCRL1 in this trafficking step is suggested by its presence in TGNassociated clathrin buds (Choudhury et al, 2005) . Given the scope for indirect effects in the overexpression experiments described here, further experiments will be required to determine the precise role of OCRL1 in the individual trafficking steps occurring at the Golgi apparatus and endosomes, and to define the specific rabs involved in each step.
It has previously been reported that OCRL1 binds rac1 via its Rho GAP-like domain, leading to the suggestion that rac1 targets OCRL1 to the TGN (Faucherre et al, 2003) . Our data suggest this is not the case, and that, instead, interaction with rab proteins is required for efficient recruitment of OCRL1 to the TGN. Golgi and endosomal rabs are certainly in the right place to recruit OCRL1, in contrast to rac1, which is mostly found at the plasma membrane. Rac1 is particularly abundant in lamellipodia, structures to which OCRL1 translocates upon growth factor stimulation (Faucherre et al, 2005) . It was recently proposed that rac1 is also responsible for OCRL1 translocation to these structures (Faucherre et al, 2005) . However, rab5 is also abundant in lamellipodia, where it regulates actin dynamics, intracellular signaling, and endocytosis (Zerial and McBride, 2001; Lanzetti et al, 2004; Shin et al, 2005) . We propose that rab5 targets OCRL1 to lamellipodia when cells undergo growth factor stimulation. This would be analogous to Inpp5b, a 5-phosphatase closely related to OCRL1, which also binds rab5 and translocates to lamellipodia upon growth factor stimulation (Shin et al, 2005) . Rabs are known to recruit a variety of effectors onto membranes, and this is thought to be important for organising membranes into functional domains. Rab-mediated recruitment of OCRL1 to domains of early endosomes and the Golgi apparatus is likely important for the functional identity of these compartments. Recruitment will ensure a high local concentration of OCRL1 on the membrane, and this will be enhanced by the ability of rabs to directly stimulate the intrinsic rate of 5-phosphate hydrolysis. This will allow for localised consumption of PtdIns(4,5)P 2 and production of PtdIns (4)P. An interesting possibility is that through combined interactions with clathrin and rab proteins, OCRL1 may consume or generate significant amounts of PtdIns(4,5)P 2 or PtdIns(4)P, respectively, in clathrin buds or vesicles, which in turn would regulate coat protein dynamics in these structures. For example, OCRL1 together with rab6 or rab14 could regulate dynamics of PtdIns(4)P-binding clathrin adaptor proteins at the TGN, whereas rab5 and OCRL1 could regulate PtdIns(4,5)P 2 -binding adaptors during endocytosis. Alternatively, OCRL1 may hydrolyse PtdIns(3,4,5)P 3 at the plasma membrane in a rab5-regulated manner, which could turn off signals generated by this lipid, or alternatively, indirectly lead to enhanced production of PtdIns(3)P, as has recently been suggested for Inpp5b (Shin et al, 2005) .
Materials and methods
Materials and antibodies
All materials were from Sigma or Merck unless otherwise stated. Protease inhibitors (cocktail set III, used at 1:250) were from Calbiochem. Cy3-STxB was from Ludger Johannes (CNRS, Paris). Anti-OCRL1 CT peptide antibody 11520 was a gift from Philip Majerus (Washington University School of Medicine, St Louis, MO). Sheep polyclonal antibody against OCRL1 has been reported previously (Choudhury et al, 2005) . KINS and CRAE anti-OCRL1 were raised in rabbits against the peptides KINSQNQPTGIHREPC and CRAEPFEGYLEPNETV, respectively. Sheep antibodies to GFP have been described previously (Diao et al, 2003) . Sheep antibodies to GST were prepared from serum raised against GST-OCRL1 by affinity purification on GST coupled to glutathione-Sepharose. Mouse antibodies to p150glued and EEA1 were from BD Transduction Laboratories. Rabbit antibodies to rab1A, rab1B, rab6 (recognises both rab6A and rab6A 0 ), and the myc-tag were purchased from Santa Cruz and Cambridge Antibody, respectively. Mouse antibody UH-4 to GalNAcT2 was a kind gift from Dr Henrik Clausen (University of Copenhagen, Denmark). Monoclonal antibodies to CI-MPR and transferrin receptor were from Affinity Bioreagents and Labvison Corp., respectively. MLO7 polyclonal antibodies to GM130 have been described previously (Diao et al, 2003) . Fluorophore and HRP-conjugated secondary antibodies were purchased from Molecular Probes and Tago Immunologicals, respectively.
Molecular biology and yeast two-hybrid analysis
Standard molecular biology techniques were used to make all constructs. Full-length and truncated forms of OCRL1 cDNA (isoform b, Acc. No. NP_001578) were cloned into pEGFP-C1 and pGBKT7 vectors (BD Biosciences). Full-length rab6 cDNA was cloned into a modified pcDNA3.1 vector (Stratagene) to generate an amino-terminal myc-tag. Rab8 was cloned into the pET43.1 (Novagen) vector for expression with NusA/6xhis/S-tags to improve solubility of the recombinant protein. Rac1 and rab cDNAs were cloned into pGex-4T2 (Amersham Pharmacia) and pGADT7 vectors (BD Biosciences) except for constitutively active mutants of rab1, rab2, rab5, and rab6 in the pGADT7 vector, which were a gift from Francis Barr (Max-Planck-Institute of Biochemistry, Martinsried, Germany). Point mutations were generated by PCR using the Quikchange method (Stratagene). All constructs were verified by DNA sequencing using the ABI Prism Big Dye Terminator Cycle Sequencing kit (Applied Biosystems). Primer sequences are available upon request. Yeast two-hybrid analysis was performed as previously described according to the BD Biosciences Clontech manual (Choudhury et al, 2005) . Myc-tagged rab5Q79L pcDNA3 was provided by Liz Smythe (University of Sheffield, Sheffield, UK). pGADT7-clathrin terminal domain (TD, residues 1-579) was a gift from Harald Stenmark (Norwegian Radium Hospital, Oslo, Norway).
Random mutagenesis
Random mutagenesis of the OCRL1 linker region was performed using a GeneMorph s II EZClone Domain Mutagenesis Kit (Stratagene). Primers were designed to the OCRL1 internal EcoRI (forward) and SacI (reverse) restriction sites, which were used for the first round of PCR with Mutazyme II polymerase to create a 'megaprimer'. A second round of PCR incorporated the 'megaprimer' into pGBKT7-OCRL1 using the appropriate EZClone enzyme mix. DNA was transformed into XL1-Gold Escherichia coli cells; all colonies were harvested to extract the 'mutaOCRL1' DNA. MutaOCRL1 pGBKT7 was coexpressed with Rab6Q72L pGADT7 in the Y2H system as described. Resulting colonies (low selection) were streaked onto both low and high selection plates. Colonies not growing on high selection were harvested from the equivalent low selection plates and grown in 5 ml of low selection medium. Plasmids were harvested by yeast DNA mini-prep and transformed into electro-competent XL1 Blue E. coli cells that were grown on kanamycin plates to select for the mutaOCRL1-pGBKT7 vector.
Cell culture and transfection
Adherent HeLa, HeLaM, and A431 cells were grown at 371C and 5% CO 2 in DMEM containing 10% foetal calf serum (FCS), 2 mM glutamine, 100 mg/ml penicillin G, and 100 mg/ml streptomycin sulphate. Suspension HeLa cells were grown at 371C and 5% CO 2 in RPMI 1640 medium supplemented as DMEM. Adherent cells were transiently transfected with FuGENE 6 (Roche Diagnostics) according to the manufacturer's instructions and incubated for 20 h before fixation or lysis. Metabolic labelling was performed in labelling medium (nine parts met/cys-free DMEM containing 10% dialysed FCS mixed with one part met/cys-containing DMEM) containing 50 mCi/ml 35 S-met/cys (NEN Life Sciences) for 18-22 at 371C.
Shiga toxin trafficking
Shiga toxin trafficking was performed as described previously (Choudhury et al, 2005) .
RNA interference
HeLa cells were transfected with siRNA oligos using Oligofectamine (Invitrogen) as described previously (Choudhury et al, 2005) . Rab1A and rab6A were targeted with SMARTpool oligonucleotides from Dharmacon Research. Control siRNA pGL2 targeting luciferase was purchased from Eurogentec. Cells were analysed 72 h posttransfection.
Immunofluorescence microscopy
Immunofluorescence microscopy was performed as described previously (Choudhury et al, 2005) .
Protein preparation
His-tagged WT OCRL1 and the G664D mutant were prepared from insect cells as previously described (Choudhury et al, 2005) . Plasmids encoding GST, GST-rab WT, GST-rab constitutively active mutants, GST-rac1Q61L, and GST-clathrin TD were transformed into E. coli BL21 (DE3) cells. Cells were induced with 0.1 mM IPTG for 3 h at 301C. Cells were lysed in Bugbuster HT (Novagen) containing protease inhibitors, and recombinant proteins were purified on glutathione-Sepharose beads (Amersham Pharmacia). Rab8 WT and constitutively active mutant were prepared with a NusA tag as previously reported (Hattula et al, 2002) , except that the culture was induced at 301C and cells were lysed in Bugbuster HT.
Preparation of cell extracts
Cytosol was prepared from S3 HeLa cells as previously described (Choudhury et al, 2005) . HeLa extracts for RNAi analysis were prepared by lysing adherent cells from a 12-well dish in 200 ml HNT (20 mM Hepes, pH 7.4, 0.2 M NaCl, 1% Triton X-100, 1 mM DTT)
